11544. Environmental Sciences Division, Oak Ridge National Laboratory. MADRONICH, S. 1992 . Implications of recent total atmospheric ozone measurements for biologically active ultraviolet radiation reaching the earth's surface. Geophys. Res. . PALUMBO Abstract-Biological uptake of dissolved silicate (DSi) and formation of biogenic silica (BSi) during diatom growth modifies the form of Si carried from the continents to the world ocean. Significant concentrations of BSi, averaging 28.0 pmol L-l, are found in all sizes of rivers. The global contribution of BSi carried by rivers was estimated as 1.05 ? 0.20 Tmol Si year'. Combined with the global mean riverine DSi concentration of 150 pmol liter-', 16% of the gross riverine Si load is delivered to the world ocean as BSi. Most of this BSi would be remobilized by dissolution in marine environments. These results demonstrate that the contribution of biogenic silica carried in suspension by rivers is an important component in the world ocean Si budget that has not been recognized previously.
The major inputs of Si to the world ocean are thought to be dissolved silicate (DSi) inputs carried by rivers from continental weathering (Treguer et al. 1995) . Particulate inputs, primarily composed of clay minerals and debris from weathered rocks, have not been considered in global budgets to date; it is generally thought that the suspended mineral load does not dissolve and contribute to DSi inputs. Mineral silicates weather slowly at -6 X lOpI4 mol cm-* s-l (Lerman 1988) and dissolve slowly enough such that the Si contained as suspended particulate matter in rivers can be considered unavailable on the time scales at which biological processes such as DSi uptake and biogenic silica (BSi) dissolution occur. The amorphous silica contained in diatoms, however, dissolves five orders of magnitude faster than mineral silicates at -2 X 1O-9 mol cm-* s-l (Hurd 1983 ) and therefore has the potential to participate in the biogeochemical cycle at time scales relevant to biological processes. In the last 15 years techniques have become widely available to distinguish dissolvable amorphous Si contained in diatoms (e.g. BSi) from more refractory mineral silicates in particulate matter (Eggiman et al. 1980; DeMaster 1981; Mortlock and Froelich 1989; Muller and Schneider 1993) . Until now, this information has not been available to evaluate the contribution of BSi transported by rivers to the world ocean Si budget. I have obtained such information from the literature and by measuring BSi concentrations directly in a number of large rivers.
Samples for BSi were collected from rivers ranging in size from one of the world's largest rivers, the Amazon, to small Si (pm01 liter-l) Fig. 1 . The concentrations of dissolved silicate (DSi) and biogenic silica (BSi) for the Rhine (Admiraal et al. 1990 ), Columbia, and Susquehanna rivers during nonbloom periods and during periods when diatom blooms are present. The sum of DSi + BSi also decreases during diatom blooms, suggesting sedimentation losses of BSi (Admiraal et al. 1990 ). Concentrations of BSi were measured after leaching in a hot (85°C) alkaline solution (1% Na,CO,) to dissolve the BSi and to minimize contamination by concurrent mineral dissolution (DeMaster 1981). In addition, an extrapolation procedure was used to compensate for the nonbiogenic silica (DeMaster 1981) . Although other amorphous siliceous components such as sponge spicules, phytoliths, or soil amorphous Si (Wilding et al. 1977 ) may be extracted during the alkaline extraction used for determination of BSi, timecourse dissolution characteristics suggest that the BSi measured here is easily digestible within the 2-3-h window that diatoms dissolve (Conley and Schelske 1993) . Significant increases in the amount of BSi extracted as a function of time were not observed during the time-course extraction used in this study.
Seasonal fluctuations in the abundance of diatoms in temperate rivers often follow similar trends to those observed in temperate lakes with the highest biomass observed during spring (Garnier et al. 1995) , although the factors that regulate the abundance of other algae in rivers remain incompletely understood (Reynolds 1995) . Diatom blooms significantly alter the proportion of DSi and BSi in rivers; during nonbloom periods BSi ranges only from 10 to 20% of the sum of DSi + BSi, whereas during diatom blooms the percentage of Si present in diatoms increases, ranging from 50 to 70% (Fig. 1) . Biological uptake of DSi and transformation into BSi during diatom growth, therefore, is a major factor modifying the form of Si transported in rivers.
The variability observed in riverine BSi concentrations (Table 1) may be due to differences in the origin of riverine BSi. In smaller rivers benthic diatoms dominate, are dislodged during storm events (Stevenson 1990) , and are a significant source of BSi during periods of high discharge. For many of the large world rivers, where suspended solid concentrations are high enough to reduce light penetration and inhibit diatom production, the sources of diatoms are quiet zones (Reynolds 1995) , or as in the Amazon River, low turbidity tributaries that contain an abundance of freshwater diatoms (DeMaster et al. 1983) . Despite the diversity of rivers, all seem to carry BSi in suspension.
The existence of diatoms in the particulate matter of rivers is not a new observation; diatoms have been found in the suspended matter of all rivers studied so far (Konta 1988) . However, BSi is often only a small percentage of the total suspended matter load. For example, on average only -1% of the total suspended load of particulates occurs as BSi either in the Amazon (DeMaster et al. 1983) or Mississippi rivers (Table 1) . During diatom blooms, however, BSi comprises a significantly larger fraction of the suspended load of particulate matter (p < 0.01) in the Rhine, Columbia, and Susquehanna rivers than during nondiatom blooms. BSi does not correlate well with the dry weight of suspended matter but tends to correlate positively with Chl a (Admiraal et al. 1990) or diatom counts (Anderson 1986 ). Counts of diatoms are needed to confirm if the amorphous Si measured here by alkaline extraction is only of diatom origin.
The importance of global BSi loading by rivers rests in the observation that DSi can be subsequently released during regenerative processes. Indeed, numerous studies have noted that the major fraction of BSi produced by diatoms dissolves in lakes (Schelske 1985) , in estuaries (Demaster et al. 1983; Anderson 1986) , and in the oceans . Salt enhances the dissolution rate of diatoms (Barker et al. 1994) with BSi dissolution rates increasing by a factor of 4 from freshwater to average oceanic salinities (Hurd 1983) . While some fraction of freshwater diatoms transported by rivers is buried in estuarine and marine sediments (van Iperen et al. 1987) , quantitatively the majority of freshwater diatoms transported into marine systems by rivers dissolves and re-enters the biogeochemical cycle (Andersen 1986).
Globally significant amounts of BSi are found in all sizes of rivers (Table 1) . Various methods can be used to calculate a global contribution from rivers such as volume-weighted averaging or differentiation of loading by climatic or geographic zonation (Meybeck 1988) . The paucity of measurements prevents a detailed analysis. If the overall mean BSi concentration of all data presented here (Table l) , e.g. 28.0 pmol liter-', were taken as the global average, then 1.05 + 0.20 Tmol Si yr' is added as BSi. Combined with the global mean riverine DSi concentration (150 pmol liter-') (Treguer et al. 1995) , 16% of the gross riverine load is delivered to the world ocean as BSi.
The most recent revision of the global Si budget (Treguer et al. 1995 ) is reasonably in balance, especially given the uncertainties involved for each of the terms within the budget, with inputs of 6.1 + 2.0 Tmol Si yr-' and with losses of 7.1 + 1.8 Tmol Si yr-I, i.e. the permanent deposition of BSi in sediments. Riverine input is the single largest source of DSi, accounting for 5.0 L 1.1 Tmol Si yr-I or 82% of the total inputs (Treguer et al. 1995) . Variations in the average global delivery of DSi by rivers from continents to the ocean are influenced by lithology (Meybeck 1988) , water discharge (Meybeck 1988) , continental weathering intensity (Mm-name and Stallard 1990) , and, as shown by the results presented here, by diatom production (Fig. 1) . In addition, the documentation of authigenic clay formation adds to the known list of BSi sinks in the oceans (Michalopoulos and Aller '1995) Short-term sediment trap fluxes from Chatham Rise, southwest Pacific Ocean Abstract-Sediment trap, nephelometer, and particulate matter (PM) data were collected in the vicinity of the Subtropical Convergence, north of Chatham Rise (42-43"S), southwest Pacific Ocean, in austral autumn 1992. Free-floating cylindrical sediment traps were deployed below the euphotic zone at 200-, 300-, and 500-m water depths. Increases in total mass flux and concomitant proportional decreases in other particulate fluxes (total carbon, nitrogen, and phosphorus) with depth reflected the collection of relatively refractory material, enriched in particulate carbon, as evinced by increases in C : N and C: P ratios below 300 m. Nephelometer and PM concentration profiles indicate that resuspension of sea-floor sediments from the nearby submarine high (Chatham Rise) probably contributed to the observed increase in total mass flux with depth. Published $0, estimates, biological productivity data, and moderate particulate fluxes, as indicated by the present study suggest that oceanic water types east of New Zealand may be a biologically mediated regional sink for atmospheric CO,.
Over the last 20 years, insights into the transfer of biologically fixed carbon from oceanic surface waters to the deep ocean have been gained from the deployment of sediment traps below the euphotic zone (e.g. Bruland et al. 1989; U.S. GOFS Report No. 10, 1989) . Numerous sediment trap studies have been conducted in the Northern Hemisphere from continental shelf to abyssal environments over equatorial to subarctic latitudes (e.g. Knauer et al. 1979; Deuser 1986; Martin et al. 1987 Martin et al. , 1993 Lohrenz et al. 1992; Honjo et al. 1995; Karl et al. 1996) . In contrast, little sediment trap research has been undertaken in the Southern Hemisphere, particularly in the open oceanic waters of the southwest Pacific Ocean.
This anomalous situation has arisen despite indications that midlatitude (30-50'S) oceanic waters of the southwest Pacific Ocean act as a moderate sink for atmospheric CO, (ApCO, < -20 patm; Takahashi and Azevedo 1982) . Murphy et al. (1991) related this observation to enhanced biological productivity in the vicinity of one of the world's major circumglobal oceanic fronts, the Subtropical Convergence (STC) (Fig. 1) . The STC represents the complex mixing zone between warm (summer >15"C, winter
